Abstract: Colletotrichum lindemuthianum, the causal agent of anthracnose in the common bean (Phaseolus vulgaris), presents a wide genetic and pathogenic variability that gives rise to complications in the development of resistant bean cultivars. The aim of this study was to identify the variability within race 65 of C. lindemuthianum, the race most commonly encountered in Brazil, through randomly amplified polymorphic DNA (RAPD) and anastomosis analyses. Thirteen isolates of race 65, collected in different years and from various host cultivars located in diverse areas of the state of Minas Gerais, Brazil, were investigated. Twenty-four RAPD primers were employed and 83 polymorphic bands amplified. Genetic similarities were estimated from the Sorensen-Dice coefficient and ranged from 0.54 to 0.82. The dendrogram obtained by cluster analysis classified the isolates into 11 separate groups. For the purposes of the analysis of anastomosis, isolates were considered to be compatible when the fusion of hyphae from different isolates could be observed. The proportion of compatible reactions for each isolate was estimated and similarity estimates, based on the Russel & Rao coefficient, ranged from 0.28 to 0.85. Isolates were classified into 11 anastomosis groups, 10 of which were formed by only one isolate. Although isolates LV61, LV73 and LV58 were classified in the same anastomosis group, they were genetically distinct according to RAPD analysis. Results from both RAPD and anastomosis analyses revealed great variability within C. lindemuthianum race 65.
Introduction
Colletotrichum lindemuthianum is the causal agent of anthracnose, one of the most important diseases of the common bean (Phaseolus vulgaris). Anthracnose is distributed widely throughout bean-producing regions and especially in areas that experience cool and humid conditions (Rava et al. 1994; Silva et al. 2007 ). The disease can give rise to significant reductions in yield, particularly when susceptible cultivars are grown under environmental conditions that are favorable to the propagation of the disease from infected seeds (Balardin 1997; Carbonell et al. 1999) . The most economically viable and efficient strategy for the control of the disease is to employ common bean cultivars that are resistant to anthracnose. Such an approach is, however, difficult to implement owing to the high pathogenic variability detected within C. lindemuthianum (Rava et al. 1994; Balardin et al. 1997; Carbonell et al. 1999; AlzateMarin & Sartorato 2004; Ansari et al. 2004; Talamini et al. 2004; Silva et al. 2007 ).
Diverse races of C. lindemuthianum have been identified in different countries. Amongst more than 50 races of the phytopathogen that have been characterized in Brazil, those most frequently detected over the last decade have been races 65, 73 and 81 (Silva et al. 2007 ). Moreover, a number of studies have described the wide dissemination and adaptation of race 65 in Brazil, and especially in the state of Minas Gerais (Rava et al. 1994; Balardin et al. 1997; Carbonell et al. 1999; Alzate-Marin & Sartorato 2004; Talamini et al. 2004 , Silva et al. 2007 .
Genetic variability in C. lindemuthianum is commonly assessed on the basis of the reaction of an isolate on a standard differential series of 12 common bean cultivars, as recommend by the CIAT (Centro Internacional de Agricultura Tropical, Informe Anual 1988: Programa de Frijol, Documento de Trabajo 72, pp. 128-129, Cali, Colômbia, 1990) . In this context, a significant variation in pathogenicity within race 65 has been observed following the inoculation of commercial bean cultivars with different isolates (Davide & Souza 2007) . The use of differential cultivars is, however, somewhat limited since only the pathogenicity trait is observed and this represents only a small portion of the genome of the pathogen. The use of molecular techniques for the detection of genetic variability offers an alternative solution. Molecular studies have shown that there is large within-race variability in C. lindemuthianum (Silva et al. 2007) , although a direct relationship between molecular genotype and races identified by inoculation in differential cultivars has not been observed (Otoya et al. 1995; Balardin et al. 1997; Alzate-Marin et al. 2001; Talamini et al. 2006) . Anastomosis, i.e. fusion between vicinal hyphae, represents an important communication within a fungal system that leads to the flow of cytoplasmic and genetic material (Roca et al. 2004) , allowing homeostasis within the colony during growth and reproduction (Saupe 2000) . Moreover, anastomosis between hyphae of different strains results in cytoplasmic mixing and leads to the formation of heterokaryotic cells. Although the development of vegetative heterokaryons may be advantageous for filamentous fungi, a genetic mechanism exists that restricts the process between two genetically different individuals (Glass et al. 2000) . Leslie & Zeller (1996) have proposed a simple model that distinguishes four different steps in a heterokaryon (in)-compatibility reaction. The initial pre-fusion step is under the control of genes associated with heterokaryon self-incompatibility (hsi). The actual fusion step is controlled by self/non-self recognition genes termed heterokaryon incompatibility (het) genes. After fusion, the cascade of reactions leading from non-self recognition to cell death is influenced by various genes, including a number of suppressor genes that modify the signaling pathway. Finally, cell death occurs under the control of apoptotic genes. Rodríguez-Guerra et al. (2003) determined anastomosis groups in a population of C. lindemuthianum derived from the same plant. This study revealed that isolates clustered according to their capacity to undergo anastomosis among different isolates. Therefore, the successful development of anthracnose-resistant bean cultivars depends on an understanding of the withinrace levels of variability, information that is crucial in the design of anthracnose management strategies since, typically, only one isolate of each race is inoculated in order to characterize a resistant cultivar.
The objective of the present study was therefore to identify the variation within race 65 from isolates collected in the state of Minas Gerais (Brazil) on the basis of randomly amplified polymorphic DNA (RAPD) markers and anastomosis groups, in order to generate information for use in breeding programs focused on resistance to anthracnose in P. vulgaris.
Material and methods

Fungal isolates
A total of 13 isolates of C. lindemuthianum belonging to race 65 were employed in the study, 11 deriving from the culture collection of the Departamento de Biologia, Universidade Federal de Lavras (Lavras, MG, Brazil) and 2 from Embrapa Arroz e Feijão (Santo Antonio de Goiás, GO, Brazil) ( Table 1) . Isolates were maintained on M3 medium (Junqueira et al. 1984) .
Analysis of anastomosis
Each isolate was confronted with itself and all other isolates according to a modified version of the method of Rodríguez-Guerra et al. (2003) . Briefly, a sterilized microscope slide was placed on a Petri dish containing water-agar (2%) and covered with a thin layer of M3 medium. Fragments of isolates under confrontation were placed on the slide at a distance of 0.5 cm from each other and incubated for 5-7 days at 22
• C. All confrontations were carried out at least in duplicate. Following incubation, the slide was lifted from the Petri dish and the original fungal fragments were carefully removed in order to leave only the newly formed hyphal masses. Hyphae were stained with a 0.05% solution of trypan blue-lactophenol, the slide was covered with a cover slip and submitted to examination under the light microscope. Anastomosis was classified as positive following observation of fusion of hyphae from the paired isolates.
Extraction of DNA and RAPD analysis
Mycelia from each of the 13 isolates were plated on separate Petri dishes containing M3 medium (Junqueira et al. 1984) and incubated at 22
• C for 12 days. Agar plugs were taken from the actively growing margins of each of the colonies and transferred to Erlenmeyer flasks containing 125 mL of M3 liquid culture medium. Flasks were incubated at 20
• C for 7 days in the dark under constant agitation (110 rpm). The mycelial masses were filtered through cheesecloth, washed with 0.05 M EDTA, and kept at −20
• C until required for DNA extraction.
DNA was extracted according to the methodology developed by Raeder & Broda (1985) with slight modifications. The RAPD reactions were carried out using primers OP AO7, OP BB02, OP BB07, OP BB08, OP BB09, OP BB10, OP BB16, OP BB18, OP L15, OP AR06, OP AR08, OP AR11, OP AR12, OP AS02, OP AS03, OP AS06, OP AS08, OP AS19, OP AQ12, OP AT08, OP AT11, OP AT13, OP M19, OP M20 (Operon Technologies, Alameda, CA, USA), the sequences of which are shown in Table 2 • C (elongation), followed by a final extension step of 2 min at 72
• C. Amplification products were separated by agarose gel 1.0% (w/v) electrophoresis with 1 X TBE buffer (0.45 M Tris-borate, 0.01 M EDTA, pH 8.0) for 3.5 h at 80 V, stained with ethidium bromide, visualized under UV light (Fotodyne Ultraviolet Trans-illuminator) and photographed using a Kodak EDA-290 camera.
Statistical analysis
The DNA bands obtained for each individual isolate were scored on a presence (1) or absence (0) basis. Only polymorphic bands were considered in the analysis, and such bands were confirmed in at least two replicates. The genetic similarity between isolates i and j (sgij ) was estimated from the Sorensen-Dice coefficient given by the expression sg ij = 2a/(2a + b + c), where a represents the presence of a determined band in i and j, b represents the presence of the band in i and absence in j, and c represents the absence of the band in i and presence in j. The estimated standard error (ssg) associated with each similarity was determined according to a modified form of the expression of Skroch et al. (1992) 
0.5 where n is the sum of a, b and c for each isolate pair. The maximum significant similarity value (sgm) was estimated from the expression sg m = 1 − (t ·ssg), where t is the tabulated value of the Student t distribution at the 1% level of probability with (n − 2) degrees of freedom andssg is the mean of the estimated standard errors of the comparisons considered. Cluster analysis was performed using the unweighted pair group method with arithmetic mean (UPGMA) with the aid of the NTSYS-PC 2.1 program (Rohlf 2000) .
Analysis of anastomosis was carried out as described above except that genetic similarities among individuals were estimated using the similarity coefficient of Russel & Rao (1940) given by the expression sgij = a/a + b + c + d, where a represents compatibility for both isolates i and j, b represents compatibility only for isolate i, c represents compatibility only for isolate j, and d represents incompatibility for both isolates i and j.
Results
Analysis of anastomosis
Isolates of C. lindemuthianum belonging to race 65 were considered to be compatible when fusions (in the form of H-shaped bridges, see Figure 1 ) could be observed between adjacent hyphae of the different isolates. Table 3 shows the matrix of compatibility among the isolates studied, from which the proportions of compatible reactions for each isolate could be estimated. Isolate LV61 presented 100% compatibility with the other isolates, whilst LV28 exhibited the smallest percentage (38.5%) of compatible reactions. The coefficients of genetic similarities (sg ij ) with respect to anastomosis formation ranged from 0.28 to 0.85, and the maximum similarity value (sg m ) was 0.71. Pairs of isolates pre- senting sg ij values > sg m were considered to be genetically similar at the 1% probability level according to Student t test. The dendrogram of similarities for anastomosis formation is shown in Figure 2 . Eleven different anastomosis groups were identified by cluster analysis, of which 10 groups were formed by only one isolate. In contrast, isolates LV61, LV73 and LV58 were very similar regarding anastomosis and constituted members of the same anastomosis group. An association was observed between the proportion of compatible reactions and clustering, since clustered isolates were those that presented the greatest percentage of compatible reactions. The self-incompatible isolate LV28 showed the least similarity to all other isolates (presenting a similarity coefficient of only 0.28) and also displayed the smallest percentage of compatible reactions.
RAPD analysis
In the RAPD assays of isolates of C. lindemuthianum belonging to race 65, 24 primers displaying polymorphism were employed and a total of 83 polymorphic bands were amplified, generating an average of 3.4 polymorphic bands per primer. Examples of amplicon profiles obtained from the studied isolates using primer OPBB-10 are shown in Figure 3 . On the basis of 83 Fig. 3 . Gel electrophoretic patterns of PCR amplicons obtained from 13 isolates of C. lindemuthianum belonging to race 65 following RAPD assay using primer OPBB-10. Lane numbering corresponds with the isolate numbers shown in Table 1 . polymorphic bands, a genetic similarity matrix for the isolates was constructed. The coefficients of genetic similarities (sg ij ) based on RAPD markers ranged from 0.54 to 0.82, and the maximum similarity value (sg m ) was 0.79. Analysis of the dendrogram showed the formation of 11 groups (Fig. 4) . The isolates belonging to group III (LV57 and LV58) were both collected in 2004 but from different areas of Minas Gerais, Brazil, namely, Lambari and Nepomuceno, respectively. The isolates in group V (LV59 and LV73) were obtained from the same area (Ijaci, Minas Gerais, Brazil) but were derived from different host cultivars (Ouro Negro and OP NS 331). Isolate LV61 was also collected in Ijaci during the same period but was from another host cultivar (Olath Pinto) and did not cluster with the isolates from group V. Isolates CL837 and CL844 were collected in the same location (Buritis, Minas Gerais, Brazil), and were from the same host cultivar (Pérola), but presented coefficients of similarity of 0.71 and hence belonged to different groups.
Discussion
The anastomosis and RAPD analyses of isolates of C. lindemuthianum belonging to race 65 revealed large within-race variabilities. Similar variations have previously been reported by Otoya (1995) , Balardin et al. (1999) and Ansari et al. (2004) on the basis of studies employing molecular markers. In these investigations, races from various countries were evaluated, and when several isolates per race were analyzed they generally clustered in different genetic similarity groups showing the existence of within-race variability. Additionally, Alzate-Marin et al. (2001), Talamini et al (2006) and Silva et al. (2007) have observed within-race variation in Brazilian isolates. Based on the clustering of similarity estimates for anastomosis, a high number of anastomosis groups were observed within C. lindemuthianum race 65, however, of the 13 isolates investigated only three (LV58, LV61 and LV73) belonged to the same anastomosis group. Similar results have been reported by Rodriguez-Guerra et al. (2003) who observed no pathogenic variability in different isolates collected from the same plant, although there was a great variation in the number of anastomosis groups. These authors pointed out that several anastomosis groups could be identified in natural populations and suggested that this might be a mechanism for the formation of different C. lindemuthianum clonal lineages. Saupe (2000) reported that confrontation among isolates from the same population or from different populations frequently resulted in incompatibility reactions.
With respect to anastomosis, the sg ij value between two isolates relates to the coincidence of compatible reactions presented by both isolates with respect to the other isolates of the population. In the present study, isolates LV61 and LV73 presented an sg ij of 0.85 (i.e. 85% coincidence of compatible reactions) even though these isolates belonged to different groups when analyzed using the genetic similarity estimates obtained using RAPD markers. It is therefore clear that these isolates were genetically different but were able to undergo anastomosis with each other.
Hyphal fusion is the first step of the parasexual cycle which, according to Hastie (1981) , represents a potential mechanism for genetic recombination in fungi especially in asexual reproduction. Anastomosis could lead to heterokaryon formation and thus generate variation within the pathogen population, particularly with respect to isolates present in different hosts at the same location and during the same time period, as in the case of isolates LV61 and LV73. Anastomosis is, however, only the first step in the formation of a heterokaryon, since heterokaryotic cells formed by the fusion of isolates that are not in the same vegetative compatibility group either grow at a very much reduced rate or undergo apoptosis and cell death. The vegetative compatibility group status of an isolate depends on a number of genes involved in vegetative incompatibility control (the so-called vic genes). Incompatibility would be a self-defense mechanism in filamentous fungi to limit the horizontal transfer of infectious elements, to prevent exploitation by non-adapted nuclei and/or to prevent resources being removed during sexual reproduction (Glass et al. 2000; Saupe 2000) . However, if one isolate can undergo anastomosis with isolates from different anastomosis groups, this could serve as a bridge permitting information exchange between the two groups. Detailed information concerning vegetative compatibility group could be obtained by complementation with auxotrophic nitrate non-utilizing (nit) mutants, a technique that can provide unambiguous proof of compatibility.
The results obtained in the present study using RAPD markers revealed that isolates did not cluster according to geographic region, thus indicating that they were of different genotypes. Although some authors (Sicard et al. 1997; González 1998 ) have described a tendency of isolates to cluster by region of origin, Mahuku & Riascos (2004) reported no separation of groups according to host genetic pool or geographic region. Similar results have been obtained by Fabre et al. (1995) , Balardin et al. (1997 Balardin et al. ( , 1999 , Talamini et al. (2006) and Silva et al. (2007) .
It is important to stress that the similarity coefficient derived from studies using RAPD markers is an estimate of the relationship among isolates based on a wide sample of genomic DNA, whereas compatibility for anastomosis formation depends only on a few genes. For this reason the dendrograms relating to anastomosis and RAPD analyses of the studied isolates are significantly different. In this context Davide & Souza (2007) investigated pathogenic variability within race 65 of C. lindemuthianum by inoculating isolates LV29, LV57, LV58, LV61, CL837 and CL844 into 12 differential P. vulgaris cultivars recommended by CIAT (Centro Internacional de Agricultura Tropical, Informe Anual 1988: Programa de Frijol, Documento de Trabajo 72, pp. 128-129, Cali, Colômbia, 1990) , together with a number of commercial Brazilian cultivars. Isolates LV57 and LV58 exhibited similar pathogenicity towards the same commercial cultivars, namely, Rosinha and Perola. However, according to the results of the present study, these isolates belong to different anastomosis groups even though they are classified in the same group according to RAPD markers. The differences between the present findings and those of Davide & Souza (2007) could be explained by the fact that the isolates were collected in different locations in Minas Gerais (namely, Lambari and Nepomuceno) even though they were collected in the same year (2004) . The remaining isolates investigated by Davide & Souza (2007) all showed different pathogenicities towards commercial Brazilian cultivars and, according to the results of the present study, belong to different groups on the basis of anastomosis and RAPD analyses.
The results of the present study, together with previous literature reports, confirm the existence of variability within C. lindemuthianum race 65 (Talamini et al. 2006; Silva et al 2007; Davide & Souza 2007) . The fact that the evaluated isolates belonged to different clonal lineages of race 65 has direct implications for the strategies of improvement programs focusing on the development of common bean cultivars with durable anthracnose resistance. The existence of variability within races may complicate the development of lines with a gene pyramid of durable resistance. In the development process of these lines, artificial inoculations are normally performed using only one isolate per C. lindemuthianum race. Given the within-race variation, the resistance spectrum of the incorporated resistance alleles would not cover all existing variability in Minas Gerais state. A feasible alternative would be the development of multilines, derived from lines with different resistance alleles that might allow a more durable anthracnose resistance in the common bean.
